Significant concentrations of oxalate (dissolved plus particulate) were present in sediments taken from a diversity of aquatic environments, ranging from 0.1 to 0.7 mmol/liter of sediment. These included pelagic and littoral sediments from two freshwater lakes (Searsville Lake, Calif., and Lake Tahoe, Calif.), a hypersaline, meromictic, alkaline lake (Big Soda Lake, Nev.), and a South San Francisco Bay mud flat and salt marsh. The oxalate concentration of several plant species which are potential detrital iriputs to these aquatic sediments ranged from 0.1 to 5.0% (wt/wt 
14CO2 in all sediment types tested, with higher rates evident in littoral sediments than in the pelagic sediments of the lakes studied. The turnover time of the added [14C]oxalate was less than 1 day in Searsville Lake littoral sediments. The total sediment oxalate concentration did not vary significantly between littoral and pelagic sediments and therefore did not appear to be controlling the rate of oxalate degradation. However, depth profiles of [14C]oxalate mineralization and dissolved oxalate concentration were closely correlated in freshwater littoral sediments; both were greatest in the surface sediments (0 to 5 cm) and decreased with depth. The dissolved oxalate concentration (9.1 ,umol/liter of sediment) was only 3% of the total extractable oxalate (277 ,umol/liter of sediment) at the sediment surface. These results suggest that anaerobic oxalate degradation is a widespread phenomenon in aquatic sediments and may be limited by the dissolved oxalate concentration within these sediments.
Anaerobic decomposition of plant structural components (e.g., cellulose and lignin) has received considerable scientific attention. However, little is known about the degradation of oxalic acid, even though this low-molecularweight compound and its salts occur in the tissues of a wide variety of plant and algal species (14) . Oxalate may constitute as much as 50% of the dry weight of some plant organs (3), purportedly serving both an excretory and a storage function by chelating and precipitating excess calcium ions (14) .
Lakes and other aquatic environments are frequently colonized by oxalate-containing plants, such as waterlilies and duckweed (6, 24) . The sediments within these habitats most likely represent the primary location for oxalate degradation because oxalate is associated with the particulate components of plant tissues and thus enters the sediment with the plant litter. In hard water lakes, soluble forms of oxalate that have been excreted or leached tend to be precipitated as calcium oxalate as well.
Although several aerobic species of bacteria are known to be capable of oxidizing oxalic acid (7, 15) , little is known about anaerobic utilization. Anaerobic oxalate degradation occurs within the gastrointestinal tracts of certain herbivores (1, 2, 16) , and recently an anaerobic bacterium which decomposed oxalate to formate and CO2 was isolated from a sheep rumen (9, 10) . However, the occurrence and extent of anaerobic oxalate decomposition in aquatic ecosystems have not been previously demonstrated. In this study we examined selected plants and anoxic sediments from different aquatic habitats for oxalate content and the ability of resident microbial populations to mineralize oxalate anaerobically. The environments consisted of two freshwater lakes, an alkaline meromictic lake, and an estuarine salt marsh and mud flat. We now report that relatively high concentrations of oxalate are present in all sediments examined and that anaerobic microbial degradation of oxalate is a widespread occurrence in aquatic habitats.
MATERIALS AND METHODS
Sample collection. Plant and sediment samples were collected from Searsville Lake (SVL), a shallow eutrophic reservoir located in Palo Alto, Calif.; Lake Tahoe (LT), Calif., a deep oligotrophic lake; and Big Soda Lake (BSL), a hypersaline, meromictic, alkaline (pH 9.7) lake located near Fallon, Nev. (22) . Myriophyllum sp. was the predominant submersed macrophyte at the SVL littoral zone sampling site, whereas that of BSL was characterized by dense beds of Ruppia sp. No macrophytes were observed at the LT near-shore sampling site. The lake depth at the pelagic sampling sites of SVL, LT, and BSL were 4, 480, and 60 m, respectively. Nuphar sp. and seston samples were collected from Wintergreen Lake, a small hypereutrophic lake located in southwestern Michigan (20) . Samples were also collected from a salt marsh (SFSM) and a tidal mud flat (SFMF) located in South San Francisco Bay at Palo Alto, Calif. Salicornia virginica and Spartina foliosa were the predominant species at the salt marsh sampling site; the mud flat site contained no rooted plants. Representative plant samples from each habitat as well as sensescent brown oak and brown hickory leaves from Hickory Corners, Mich., and Zostera sp. leaves from Cold Bay, Alaska, were air dried or oven dried at 50°C and ground into a fine powder.
Surface sediments were obtained by Eckman Dredge, scuba, or box coring. All sediments sampled contained black iron sulfide or the presence of free sulfide or both. Jars were completely filled with sediment and sealed with minimum exposure to air. Sediment was homogenized in the jars by shaking, and 50-ml samples were transferred with a plastic Luer-lock syringe (the Luer hub had been removed with a cork bore) to 100-or 150-ml Wheaton serum bottles which were being flushed with N2 throughout the subsampling. For BSL sediments 10-ml subsamples were transferred to 50-ml Wheaton serum bottles. All bottles were stoppered with recessed butyl rubber stoppers. Sediment cores were obtained from SVL with polycarbonate core tubes (2- ,uCi; 50 Ci/mol; 0.5 or 1.0 ml) (New England Nuclear) was added to each sample with a syringe and needle, and the bottles were vigorously shaken by hand and incubated with shaking for appropriate periods of time. The amount of 14CO2 and 14CH4 produced was determined by one of three methods. (i) Successive head space gas samples (0.3 ml) were removed by syringe from bottles containing SVL sediments and analyzed with a gas chromatograph connected in series with a gas proportional counter (8) .
The distribution of 14CO2 between aqueous and gaseous phases was determined by adding 1.0 ml of NaH14CO3 (1.5 ,uCi/ml; New England Nuclear) to selected serum bottles; after equilibration the radioactivity of the head space was determined a second time. The incubation was terminated by the addition of 5 ml of 10 N NaOH. The samples were then centrifuged and filtered (as described above), and 1.0-ml subsamples of interstitial water were transferred to scintillation vials.
The pH was adjusted to <1 to remove H14CO3-; the radioactivity was determined by readjusting the pH to 7, adding 8 ml of Aquasol (New England Nuclear), and counting in a Packard Tri-Carb liquid scintillation counter. (ii) Head space gas in bottles containing SFSM, SFMF, and LT sediments was analyzed for 14CO2 by injecting successive 1.0-ml gas samples into stoppered scintillation vials containing 3 ml of ethanolamine (SFSM, SFMF) or 1 ml of saturated BaCl2 solution plus 1 ml of 1 N NaOH (LT). NaH14CO3 was added to sediment in separate serum bottles, and gas samples were removed to determine the distribution of '4CO2 between aqueous and gaseous phases. The scintillation vials were incubated overnight to trap C02, after which 9 ml of methanol and 8 ml of Aquasol were added to the SFSM and SFMF vials and 5 ml of 0.4 N Tris buffer (pH 1.3) and 8 ml of Aquasol were added to the LT vials. The scintillation vials were dark adapted for several hours, and the radioactivity was determined by liquid scintillation counting. The incubation was terminated by freezing and storing the serum bottles at -10'C and analyzing head space gas samples for 14CH4 by gas proportional counting. (iii) In the case of highly alkaline BSL (pH 9.7), head space analysis for 14CO2 lacked sufficient sensitivity. Therefore, successive serum bottles were sacrificed with VOL. 46, 1983 on July 5, 2017 by guest http://aem.asm.org/ Downloaded from time by the addition of 1 ml of 10 N NaOH, frozen, and stored at -10°C. The head space gas was analyzed for "4CH4 as described above; the 14Co2 produced was trapped in a flushing train as described by Smith and Klug (26) . Briefly, the head space gas in the serum bottle was flushed with N2 through two traps containing 40 and 15 ml (sequentially) of 1 N NaOH after the addition of 0.5 ml of Antifoam B (Dow Corning Corp.) and 10 ml of 3 N HCl to the frozen sediment. The bottles were flushed for 15 min, placed in a hot-water bath, and flushed for an additional 15 min. Upon completion, the contents of the two traps were pooled, a 1.0-ml sample was transferred to a scintillation vial containing 1.0 ml of a saturated BaCI2 solution, and the radioactivity was determined as described above. The efficiency of the trapping train was 80%, as determined with NaH14CO3 internal standards.
Subcores of SVL sediment were preincubated at 10°C for 2 h, after which 100 p.l of [14C]oxalic acid was injected into the core by a syringe needle inserted through the serum stopper. The samples were incubated for 0 or 3 h, and the activity was stopped by placing the subcores in a dry ice-methanol bath. The frozen sediment was extruded into 25-ml anaerobic tubes, which were stoppered and sealed with tape. The tubes were placed in a boiling-water bath for 10 min to stop activity and cooled, and 14CH4 and '4Co2 in the head space gas were analyzed with the gas chromatographgas proportional counter system. Dissolved 14CO2 was determined with NaH'4CO3, as previously described.
Analytical techniques. Oxalate was analyzed by gas chromatography after conversion to diethyl esters, using a modification of the procedure of Roughan and Slack (23) . Dried plant and sediment material was weighed into scintillation vials (50 to 500 mg), suspended in 5 ml of 2 N HCl, and incubated with shaking at 25°C and 250 rpm for 90 min. The acid extract was passed through a 0.45-p.m membrane filter (Metricel GN; Gelman Sciences, Inc.) and a Sep-Pak C18 cartridge (Waters Associates) connected in series, using a 10-ml glass syringe. The first 1 ml of filtrate was discarded. The Sep-Pak cartridge was regenerated with sequential rinses of methanol and water (17) . Acid extract subsamples (0.5 to 2.0 ml) or sediment interstitial water samples (10 to 20 ml) were placed in screw-capped vials, the pH was adjusted to 8 to 9, sodium malonate was added as an internal standard, and the samples were evaporated to dryness at 80 to 90°C with a stream of air that had been passed through a trap containing NaOH. A solution (2.0 to 5.0 ml) of chloroform-ethanol-sulfuric acid (40:20:3) was added to the residue and incubated with shaking (250 rpm) at 40°C for 90 min. Excess ethanol and sulfuric acid were extracted with three 1-ml washes with water, and the chloroform layer was transferred to a dry screwcapped vial containing anhydrous Na2SO4. Diethyl oxalate derivatives were analyzed with a HewlettPackard gas chromatograph, model 5730, equipped with a flame ionization detector and a glass column (2-mm inside diameter by 1.8 m) packed with 5% diethylene glycol succinate on 100/120-mesh Supelcoport (Supelco, Inc.). The carrier gas was helium at a flow rate of 25 ml/min; injector, detector, and oven temperatures were 150, 200, and 95°C, respectively. The recovery of oxalic acid added to wet sediment, which was then dried and acid extracted, was 94%. The presence of oxalic acid in selected samples was confirmed by: (i) substituting methanol for ethanol in the esterification reagent and producing dimethyl esters, which co-chromatographed with authentic dimethyl oxalate; (ii) using a glass column (2-mm inside diameter by 1.8 (Fig. 1) . The net loss was the result of a decrease in both the total plant mass remaining in the litter bag and the oxalate concentration of that plant material. The total sediment oxalate concentration (dissolved plus particulate oxalate concentrations) in SVL littoral sediments was lowest at the sediment-water interface, 277 ,umol/liter of sediment, and increased with depth to a maximum value of 742 pumol/liter of sediment at 8 cm (Fig.  3A) . By contrast, the dissolved oxalate concentration was greatest at the sediment-water interface, 9.1 ,umol/liter of sediment, and decreased with depth. However, the dissolved oxalate represented only 3% of the total sediment oxalate value even at the sediment surface. A similar depth profile was evident for oxalate-mineralizing activity (Fig. 4) , which was greatest at the sediment surface (0 to 2 cm) and decreased markedly with depth below 2 cm. Hydrogen sulfide was greatest in concentration at the sediment surface, whereas methane concentrations increased with depth from 0 to 6 cm to a constant value (1.5 mmoL/liter of sediment) below 6 cm (Fig. 3B) .
Habitat survey. Oxalate was mineralized in all anaerobic sediments tested, which included freshwater, estuarine, and the hypersaline, alkaline lake sediments (Table 3) . In general, rates of [14C]oxalate degradation were higher in experiments with littoral sediments than with pelagic sediments for a given habitat (Fig. 2, Table 3 ).
The rate of 14CO2 production ranged from 6.6 to 273 p.Ci of 14CO2 produced liter of sediment-' day-' for littoral and near-shore sediments and 0.2 to 27.3 1,Ci of 14Co2 produced liter of sediment-' day-' for pelagic sediments. Correspondingly, the sediment oxalate concentration did not vary greatly between littoral and pelagic sediment in either SVL or BSL or between SFSM and SFMF sediment. However, a fourfold difference was evident between pelagic and near-shore sediment samples from LT. DISCUSSION Oxalate was present in every sediment type examined, with concentrations exceeding 500 ,umol of oxalate per liter of sediment in some cases. These sediments represented a wide diversity of aquatic environments, ranging from oligotrophic freshwater lakes to estuarine muds to sediments from an alkaline, hypersaline lake. The results suggest that oxalate is commonly present in a wide variety of aquatic sediments and augments previous reports of oxalate in the litter layer and A horizon of soils (4, 12) and in sediments from the Weddell Sea, Antarctica (19) .
The oxalate content of selected plant species (Table 1) indicates that oxalate can potentially enter freshwater littoral and salt marsh sediments in association with plant detritus. These included terrestrial deciduous trees and both emergent and submerged macrophytes, which contained up to 5% oxalic acid per g, dry weight. Because the majority of the detritus (both allochthonous and autochthonous) derived from vascular plants enters aquatic sediments within the littoral zone (27) , significant amount of oxalate may be contained within the plant litter entering these sediments. Oxalate also enters pelagic sediments (although probably in smaller amounts), as evidenced by the oxalate content of seston, primarily of algal origin (20) , collected from the pelagic zone of Wintergreen Lake ( In addition, the depth profile of extractable oxalate did not correlate with the depth profile of oxalate mineralization (Fig. 3A and 4) . Therefore, the total oxalate concentration does not appear to be controlling the rate of oxalate degradation. This result was particularly true for LT and BSL pelagic sediments in which the oxalate concentration was 100 ,umol/liter of sediment, yet the mineralization rate was very low (Table 3) . On the other hand, the depth profile of oxalate mineralization was closely correlated with the depth profile of dissolved oxalate in SVL. This suggests that the rate of oxalate degradation may be limited by the dissolved oxalate concentration. The dissolved oxalate concentration is probably controlled by the factors affecting the equilibrium between the soluble and particulate oxalate pools.
The majority of the oxalate present in sediments appears to be associated with the particulate fraction (Fig. 3A) . Calcium oxalate salts, which are relatively insoluble in water, are a predominant form of oxalic acid in forest soils (7, 12, 13) and probably constitute a large part of the particulate oxalate in aquatic habitats as well. The addition of soluble sodium oxalate to SVL littoral sediments (100 ,umol/liter of sediment) did not change the dissolved oxalate concentration, which remained at 8 ,umol/liter of sediment; the addition of 1,000 ,umol of sodium oxalate per liter of sediment increased the dissolved oxalate concentration to 24 ,umol/liter of sediment (Smith, in preparation The carbon pathway of oxalate degradation in lake sediments is currently unknown. Likewise, the relationship of this process to terminal electron-accepting processes, such as denitrification, sulfate reduction, and methane production, remains to be investigated. Based upon the sediment methane concentration, the zone of maximal oxalate-mineralizing activity in SVL occurs above the zone of maximal methane production ( Fig. 3B and 4) . Additions of sulfate (1.0 mmol/liter of sediment) had no effect upon the rate of oxalate mineralization, whereas nitrate amendment (1.0 mmol/liter of sediment) stimulated rates by 34% and formate (1.0 mmoll liter of sediment) inhibited oxalate mineralization by >90% (Smith, in preparation) . These latter results suggest the involvement of an oxalate-degrading pathway similar to that mediated by a bacterium designated as OxB, which was isolated from sheep rumen fluid. This microorganism produced formate and CO2 from oxalate and coupled with methanogens to produce CO2 and CH4 in enrichment cultures growing on oxalate (9) .
